Abstract. The payload fairing in Japan is fixed by a lot of notched bolts. These notched bolts were fractured by axial impact tensile using the explosive devices to separate the fairing. In this case, the stress waves and the oscillations propagate, which may seriously damage the satellites. In this study, the impact deformation and the fracture behavior of notched titanium alloy bolt was investigated using a split Hopkinson pressure bar method. The notched bolt specimen was made of commercial Ti-6Al-4V alloy. The maximum load value was increased with increasing the displacement rate. It can be said that the strain rate dependence of strength for Ti-6Al-4V alloy appeared. From the observation of fracture surface using a scanning electron microscope, compared with the quasi-static test, it was clear that the irregularities of the fractured surface at the impact tensile test became rough. Therefore, it was found that the brittle fracture was mainly observed due to the increase in displacement rate, which may mean that the mode of fracture changes from the transgranular to the intergranular. It was surmised that this change of fracture mode was caused by the high strain rate due to stress concentration of the notched part.
Introduction
The payload fairing is one of the components of the launch vehicle, which has the role of protecting its body and the mounted satellites from the dynamic pressure and aerodynamic heating during the flight to leave the atmosphere.
The payload fairing in Japan launch vehicle is fixed by a lot of notched bolts. When the launch vehicle reached the outer atmosphere, these notched bolts were fractured by axial impact tensile using the explosive devices in order to separate the fairing from the launch vehicle. In this case, the stress waves and the oscillations propagate, which may seriously damage the mounted satellites. In order to successfully complete the mission of the launch vehicle, it is important to mitigate the impact phenomenon against the satellite.
Therefore, the quantitative evaluation of the impact phenomenon in the satellite is required using numerical analysis. However, the current prediction method of that phenomenon is mainly distance attenuation, coupled damping, and branch damping, which is not the promising technique for accuracy. Therefore, the elucidation of fairing separation mechanism and its application to the finite element analysis are required. For that reason, it is necessary to experimentally investigate the impact fracture phenomenon of the notched bolt.
In this study, the impact deformation and the fracture behaviour of the notched titanium alloy bolt for fairing separation of launch vehicle was investigated by using a split Hopkinson pressure bar (SHPB) method [1] .
Notched bolt specimen
In the present study, the Ti-6Al-4V alloy, which is one of commercial titanium alloys, was used. The chemical composition of the Ti-6Al-4V alloy is shown in Table 1 . The specimen was prepared by lathe machining based on the shape of the notched bolt used for the actual fairing separation. Figure 1 shows the photograph of the notched titanium alloy bolt specimen. As a result of simple numerical analysis by the explicit method, it was confirmed that the notched part of the specimen was plastically deformed. 
Experimental

Quasi-static tensile test
The quasi-static tensile test was conducted using an universal testing machine (Instron, 5500R) at room temperature. The rate of the crosshead was 8.3 × 10 -6 m/s and 8.3 × 10 -5 m/s. The rate of the crosshead was taken as the displacement rate of the specimen.
Impact tensile test by split Hopkinson pressure bar method
The SHPB method is one of reliable methods among impact deformation tests. This test method can evaluate the impact deformation characteristics by precisely measuring the stress-strain relation of the specimen sandwiched between two elastic round bars by utilizing elastic stress wave propagation. Figure 2 shows a schematic diagram of the apparatus for SHPB type impact tensile test [2] .
Fig. 2. Apparatus for SHPB type impact tensile test.
A strain pulse (incident wave ε i (t)) propagates through the input bar when a striker tube accelerated by air pressure collides with a yoke the end of the input bar. The strain pulse reached the specimen is reflected to the input bar (reflected wave ε r (t)) and the rest is transmitted through the specimen to the output bar (transmitted wave ε t (t)). These strain pulses were measured with the strain gauges attached on the input and the output bars, respectively. The measured strain pulse was stored in a digital oscilloscope via the Wheatstone bridge circuit and the differential amplifier. Figure 3 shows an example of strain-time relation in the impact tensile test. It was confirmed that rectangular incident waves are propagated and data could be acquired until fracture of specimen. The load P and displacement h as a function of time are obtained from one-dimensional elastic wave propagation theory as follows: (1) (2) where the Young's modulus, the cross-sectional area, the elastic wave velocity of the input and the output bars are E, A, c 0 .
The displacement rate, , is calculated by the time derivative of equation (2) . The obtained displacement rate is from approximately 3 × 10 0 to 6 ×10 0 m/s.
Results of tensile test
Figs. 4 and 5 show the typical load-displacement relation of the notched Ti-6Al-4V alloy bolt in the quasi-static and the impact tensile tests. These tests results are shown separately because the compliance of the test apparatus is different. In all test conditions, the load-displacement relations showed the elastic deformation, and then the specimen immediately fractured with very little plastic deformation. In this study, we focus on the maximum load value as the characteristic data in load-displacement relations. Figure 6 shows the relation between the maximum load value and the displacement rate. The maximum load value showed a tendency to increase with increasing displacement rate. In the previous studies, the Ti-6Al-4V alloys are known to have the strain rate dependence of material strength [3] [4] [5] . Therefore, it can be said that this dependence also appeared in the notched Ti-6Al-4V alloy bolt.
In order to consider the displacement rate dependence in more detail, the power law approximation was performed on the relation between the maximum load value and the displacement rate. An approximate curve is also shown in Fig. 6 , which is expressed as follows:
where P max is the maximum load value, and v is the displacement rate. C is the material constant value, which is unrelated to the displacement rate. α is the increased rate of the maximum load value with increasing displacement rate, which is defined as the rate sensitivity of the notched Ti-6Al-4V alloy bolt. As shown by the solid line in Fig. 6 , C and α were obtained as 26524 and 0.014, respectively. The relation between the maximum load value and the displacement rate of the notched Ti-6Al-4V alloy bolt can be predicted from equation (3) .
As with the above experiments, by performing the quasi-static and the impact tensile tests, it is possible to obtain the material constitution equation of the actual notched titanium alloy bolt used for fairing separation of launch vehicle as shown in equation (3) . Therefore, the improvement of the accuracy of numerical analysis can be expected.
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Results of fracture surface observation
The fracture surfaces of the quasi-static and the impact tensile tests were observed using a scanning electron microscope (SEM). The results are shown in Figs. 7 and 8. In the quasi-static tensile test, the ductile dimples were mainly observed, and the brittle fracture with the irregularities was confirmed in vicinity of the notched part. On the other hand, in the impact tensile test, the brittle fracture was mainly observed in the center. Furthermore the fracture surfaces mixed of the brittle and the ductile were observed in vicinity of the notched part.
Compared with the quasi-static tensile test, it was clear that the irregularities of the fractured surface at the impact tensile test became rough. Therefore, it was found that the brittle fracture was mainly observed due to the increase in displacement rate, which may mean that the mode of fracture changes from the transgranular to the intergranular. It was surmised that this change of fracture mode was caused by the high strain rate due to stress concentration of the notched part.
